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ABSTRACT

Global temperature increases due to climate change are intensifying heat-related impacts, particularly in densely populated
urban areas. Seoul, Korea, has experienced steady increases in summer temperatures since the 1950s, with more than 30 days
of extreme heat recorded in 2018. In response to these challenges, green infrastructure (GI) strategies are increasingly
recognized as effective long-term adaptations capable of mitigating urban heat through shading, evapotranspiration, and
enhanced surface albedo. While GI’s potential for reducing temperatures is well-documented, most prior research has focused
on spatial optimization, overlooking the importance of timing and associated maintenance costs. In this study, we address these
gaps by optimizing both the spatial and temporal implementation of GI technologies, such as street trees, green roofs, and
greenways, for the period from 2030 to 2050. Using RCP 4.5 climate projections and the Non-dominated Sorting Genetic
Algorithm II (NSGA-II), we consider the effects of rising temperatures and the financial costs of GI installation and upkeep.
Our findings suggest that establishment of GI areas greater than 49% of the total considered area by 2040 will allow the
greatest temperature reduction, particularly through the early introduction of street trees. The rate of GI increase in the later
period (2040 ~ 2050) depends on scenario, with variation in the effectiveness of specific technologies. This research provides
crucial insights for efficient resource allocation in urban climate adaptation by integrating spatial and temporal factors. We
emphasize the importance of early GI investment and offer a robust framework for decision-makers to plan long-term,

cost-effective strategies that address the escalating challenges of urban heat.
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o} olZalyt WHHE LAlA I w3yt sE" AgPATe] AxEo] g2 4 Utk Montalto et al.
(Tomlinson et al., 2011; Yang et al., 2016). 3+==+9] A& (2013)2 O7 R1=Zeks 7|0 oo Id fluetE A
2 19509 S 7|H o2 A&H o 24 1 7|o0] & Aotz Alug el XA o' 7S F7HA Th= Al
7¥elal Qe EAE Hol1 9lor, 20180 Z Uele Atolo] E84, AIEHo R RI Apol7t S
27} 309 27310 Ao FHuo £ ALE AA e ESE 7| S¥S= A7 95 f-5d o= A
T} (KMA, 2024). Ao A= 20234 7¢ 299 19 Stz @AC|EE, S SHoRA I7 dzmete] A
g Ag =4 AR 798 HABsFATHKDCA, 2023). ERE AR oA 137t F RSttt Wang et al.

olg3st HaE Zol7] Ya), 18 Axepr} A7 A T (2023)2 A714 JHoA WEAol AE 7IFHS Ay
Aol 7153}l A2 wHF Mo g A Ry otk Yo E JEAIA 19 9 o] lzete] HHIE 43
Sharifi (2021)= 7]&®3sl Sy dsto] ZTHO gt A3t 7] A A" H5) B W {3EF Aol o™
(co-benefit)S I o 1 QQuepy} Ajdor =2 % o] A= AAFoFYTE Ad AFE2 I3 Ak A
AEe 7HHSS Akt O3 Qmets 9}, Zudt 73 EHE IF 79 Ao it f-EFe] oA
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AF &7}, ol E Z710] MAA 7S ZAAZ 2 g Ao 7Ly FASE EY 59 Ao dsiHe
O m(Zsleh et al., 2016), A7|FHoZ 1 &I} SAHIT 1HE 87t ok wEbA 7]1$Hst AlvE e E O™
Hakol Aol tf-go] 7Hssitte Ay w3 At Qzee] H], §A|, HHIE LTS o, A 7]
TA Y EE5HOR ool & @ WY 55 o4 A B¥E A of" Al of" 7lee] $AHR
Lslol 7o Esmom uiEoZN ZHH o & v 2| =] ofof sli=Aof thet JAFEH A A7t Badh
Fo= g3 4 AH(Green et al., 2021; Huang et al., Al7o|tt.

2020). olo] B dyox= 17 xeto] §A E e H|§

29 24 AL 7 12 Az} 5Qlo] glo] . ©f EFH XSS 203063 20509717 10 B
s nEE 4L £ YXo] wet &y gebdct 0], 2030 ~ 2040, 2040 ~ 205019 ZF AJZFEee]
L HolthFu et al., 2022). 0]} TjEo] X A4 = A 9 dxe Ve59 4 o AYLdE =&
aito] &AL et A4 Bejo] 284do] AxEw & T =EH F0] AR E oA HjXHoof st
A, weu7A] 1FHsl= Aol M AAXT k. AT UEUE 31 AGWIA AATFOEMN, AR
ol#3st & 71A] EAL TEste] 18 Qlxmat Ado] & S ITAA S FFRoA I At Ao 7]
PElojof shif, IRE APALe] H9 I Qumarel  BHA Skt & = ' AZeE Age] +YE o

S A, & =Y AT aEshs ° 21X )k A Al 2AAEY BA A B2 E 5 US A
Chen et al. (2020)2 ‘mid-rise’?} ‘low-rise’ AE 0] ojty. FY3 ik B BE&HOE ARESH] 1%t A7
A GRO] 28-S 60%7HA] Z7FA|7]= o] HEx} W9 A AEA X ol lof, 1™ Qlzet Aol FHARI
9] 712 Azto| &I/} 9ok BT Yoon et al. (2019) ZHo| ZFxEo] 2 7|& A AFENA A SHC

o Re 247 F /K9 I9 Amepl e Ag & 29 B9E 7R At
et A@Age] Zeol A Hrjo ANE FAAUA Haol

vl &S ThEots 37F AEME =& Kim et al. 2. HH=
(2023)2 ®]§ HjH] 7 &A1 & D& ARt AA]
7] 2 91 }Eo] A w2 A|okstich 2.1. & OO|E], 2& o] 2F

G A AT HE e HHo) aRE g 9

g7 oont 1ol elmare] ox @ mel wg V€ BEEL 71E ASE, /19ust Auge, At £

A o} _
& TP A Rio] gAE mAn gm g O e AR e ne U s ges,
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E AHACE HoE £ UEE JoE HASHH. 7]
2 HUzke 71 7134 B E Y (http://www.climate.go.
kr/home/) WA HO|A 1991ARE 2020\ 7HA]| 9] A=+
o & 7|2 @S AEotla 11 32 28.2°Coltt.
BAHZ 7€ 2 7|29 AS5ES RCP AU E 1
ottt ASE FOoZE A 1|2 HAHAGES
A3, A3 EZ0]= RCP 4.5 AU 22 AFR-381S]
T} 2030 ~2040¢ AZIQHELE] 2040 ~2050d A E <t
AY7HA] AHE 7T F AR @A I 7HA] 71EL
2209 7+ F 2319 Yog A<k 21S FHorTt

2.2, J8 et FF7

-

JAFE7g A9 o] B 1™ QlEet TR &4
=3}, 7RG, wmAJolt) o] 7|& AW &A4F
TS £9 S5 Fztol HA] 7heohd 712 AR AE
HER, i 71424 AQEAT. 7129 A1 A1
+5 4 A2 A5 7RG 24 9 B x4, 7t
25 24 Y WiRds, UsAY 52 s
g7to| =82 Fasto] AYsch(Table 1). SAHssH=
ed 7159] JES 940 R = AFF Sl F4
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tozo] olgg BEE She F9Y AT U,
7]zl BA Ads] Egsto] 24d5ks £ =3
TH(Seoul Metropolitan Government, 2017). %% &35}
Ao 9lo] A2 EAS "AZ o1 s15o] ¥7] of
Eof|(Kwon et al., 2014) A32] 7153t AZEo| 3= 4=
AUtk olof & Ao e BFD Hdlet HE =3
el et £ 7hett £33 =3 A4Sk, 1™
Areio] A A4S BEL S Ok Aol SA5
A 488 & dES stk

fr 30 N of

2.3. X

oAEH A B oA AtE FASE] Ysf, Hlo]
W X &FF AH|A 9 S-Map (Virtual Seoul)A|AE-S 0]
&oto] At dA4s A5 2A49 ¢ E52 Bed}
sto] A= @S Adte BA EAFEAY
AFRA(1968, 19719) 0] AgH F= AAF Ko ¥t
FHE W 13 dEo] YHste], 1™ Qlzety] At
Z/o] ARt AYEA S &S & i Ao wot
SHATHFig. 1). AZAl FUHA HAQl H8X3] 9 7t=
= 24 9 I 2o "t 7t24 A 33k A5t

Table 1. Species and specifications according to types of green infrastructure

Type of green
P & Species Standard

infrastructure

Reference

Height 4.0 m;

Street trees Zelkova tree

Diameter at root collar 12 cm

KFS (2020), Seoul Metropolitan Government Ordinance on the

Creation and Management of Street Trees

Semi-intensive green Ground cover

roofs plants, small shrubs

Soil depth of 30 cm or less;

Per unit area (m?)

Kwon et al. (2014)

Green way Urban turfgrass

Per unit area (m?)

NIFoS (2022)
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Fig. 1. Stylized study site (200m x 164 m). Grid unit is 2 m.
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Table 2. Information of buildings in the study site

Z1

(=X

o - 2k - oL -

oz

Building no. Roof Area (m?) Height (m) Building no. Roof Area (m?) Height (m)
1 900 17 11 720 75
2 900 9 12 1200 72
3 900 12 13 1344 83
4 900 12 14 672 90
5 900 20 15 840 67
6 840 25 16 1120 99
7 720 37 17 840 81
8 1200 81 18 560 94
9 1344 30 19 560 62
10 672 32 20 952 75
AL, H=A= 7tz 2t AA ] AR 7hssiekal 71gst A RS AAFE &+ Ut
Rk =S 7S e B AE S X2 )
S Ao PYSALh S s A ks g 240 7S HE 28
229 S Yol theF 500~ 1400 n® Atole] ZH& 7M. =4l o] AAHe 18 Amebso] 71 A Hake
3, 3£01= 9~100m A}o]9] ZHe ZHHTHTable 2) okst A8 QFESolA SelEgithCarvalho et al,
_ _ 2017; Marando et al., 2019; Varentsov et al., 2023). & A
2.4, X9 It HAE fIgt =+

2 dFoA= dF HAE T W FHF O9 Q&
gt Al oS TAsH] 93] ‘NSGA-Ire] H st &x
&2 AR ol HEARI ey 3} daEE
O 2, 27f) o9 ATt HE FolA Y dE<tol
&= JHseS 2ot ‘o E ZEE(Pareto front)'E Th
EHZ Stch(Ham and Jang, 2023). A= F
2, o] Altfe] HAs) SHE7]29] A
ol E2 A FEE At ole=
(non-dominated sorting)3 O =X A Ath<]
A SH 0] AH. o] o] HHEEHA NHE
AASE S E ZEE 77k A FHE0] THE
ojZlth. NSGA-II= HA5| THF Alo]9] S 1
SIAAE S E ZEEo| = HHs| SHE H=2
A T Q= EAS 7HATHDeb et al., 2002). 2 A
ol A= NSGA-TIE Arg-sto] 17 Qlzeto] oJjt 7] 2
A 3NE HUE ol H|82 AR of= F 7HA] B
= d3cls 4=} O=A, 71249 34 YA 9 ¢
T2 ottt FEXEE 237E BBAEANA £
ZAHAL] 10049 50 ol A F WA R Aot
U0l == dEvth X W HES 50%004
100%714] 10% @2 2HS = A A5kt 712
o A= AR 7 A9olA 0% S22 100%= A
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T9] A5} HYof|A= ohFet &9 19 et A4t
XA HEEE= AYE FEE 5, HRHEQ &2
7 23SE A =1 Z(Urban canopy layer) WOl
A9l 712 Az AE A7gstar ok wEbA 1809 719
AT HHE Bl dE v 9 AHA S HHAR] =
o} a5 =53 Wong et al. (2021)2] A3t ©-84 <l
A L 7S AR wasklct

Wong et al. (2021)°] 2JotH ¥ H2]9] JAL 74
9 AT F7o] 93k 712 A adte Bt 2
2~4°Coltt. W AI7F 59t U= 54 YR ofy =t
IR 93t 712 Az 2aE TAIZ|EE TS
AAE wjof vlg] =2 g ATE ZH=TH(Amani-Beni
et al., 2018; Ng et al., 2012). W2bA )7} AR == o
549 7|2 A7+ ZIH= Wong et al. (2021)0]4 3%t
Rl 2%kl 2°C, 7tES9] 71 A A¥= T
He9 AR 4°CE 7Hskiet 2 A FAKSH
NSGA-II ¢ &EZ o]&st] Uil 37t &3E o
£ Kim et al. (2023)2 WFof o3t S a3t 3
IE =0 FFE HA= AL 7HYSHH Yoon et al.
(2019) EFF U} 22|79 F7F ATl Y57t Ql
A a2gEe] mAl= A7 2AE 153 ol £ A
TFAME 7tES9] QI TR 4t ® QIR 7]
A7 8E 718519, 1 g2 Wong et al. (2021)0] 4]
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3 71 A 9] A%kl 2°C2 ekt E
ke ol X Thsd hesst A,
Ao 93t Ay x] a3/} T2 2 (Lin and Lin,
2016; Lin et al., 2015), 1 TE|=oA= ZF 7€ A
7 GBS YA g Aol WAsty Zpgstact
(Table 3, Fig. 2a).

Wong et al. (2021)9]4] 2A1=3519] H L AHFE 4]
At S =3t A 2°C o]ste] Aol WS, AR F
Hejo] wet A7 728 4507 AR5 ol
of & dAFolMe A=l st + @ B
3.25°CHHE9] A7 a3= 7]-7<4‘3}9§\E‘r(Table 3, Fig. 2b).

Aol 19 1} 7] wiAIsh] o)A 7]&3ko]
A o, gl 7S HiAFeEA o|F tidA
Azputere] 71 gro ot gebd Aok ojuf i
A ARe] 7% WA o]F BE AZH200m x 164 m)e]
71239 Bats AAISHA(Eq. (1), °] ¥ Hadehe

ek
rlo

o

EX 721 QIDA} HiX| AILI2|Q: NSGA-ii YTRIE 78t OUNEY X B 1027

A

filo
N

F|Z3te] A WA o= JTHEq. (2)).

)y

total T ., = & 1
Ot Lagt = no.of grid’ M
1st Obj. = Minimize(total T, ;). )

(ini: initial, aft: be installed)

2.4.2. HIE9| Bt

a7 QQxe} 7leo] AAE|et fABE oA et
ol I 1z A Al S o] B8 olF A&

She d] B 271K, 1097) fA61S EFc
T, 71248 4N X A AIEATREY
o £ - @ AL fAB Y 4EE Fuste] 4

Table 3. Methods for assessing temperature based on types of green infrastructure in each grid

7,,;+ Temperature after installation (T) Note
Installation grid 7;,; —4.00
Street trees
Adjacent grid 1;,; — 200 Synergy effect when overlapped:
Green way 7, —2.00 Ty = Ty — 400
Green roofs 7., —3.25
(a)

effect for adjacent grid of tree(effqq;) = 2.00°C

=kl i

(b)

=l

effroor = 3.25°C

efftree =4.00°C

ef fect for overlapped grid = ef fyrass +

D:M

effgrass =2.00°C

effadj

-

Fig. 2. Schematic diagram depicting the effects of green infrastructure by grid

(@) on the ground, and (b) on the building
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Aokt Aol S e, 7HAA7], B HlE
5ol Zekeol Qo0 19 Fote] A AA @ 2
Agsise] 028 vttt SAPssel 4, &
g3t 9 BH=s} AT 1200 H2 FH2t Manso et al.
@o21)0lA] AFEE Ba SAssie] BaHel 44 9
9] 182 WHOISHYTH Table 4).

o2 o] At vhEoll 3lof BlE] AAAHS st
7] 98l AAA W8 A AT HeleS Hrdste] 1
A lxe} 7j&o AAH] @ {FAR7} ASStESE SH]l
of AAH] Q RANY JH2 F5ES BT 104 T
BeE HOE AMESGCH 7 7]&o] gt BHE 74
849 Ao|Z HrYsITH(Table 5). 7tz HAAH]=
50% ol/go] AAA H|-Go|BE, 5E HoE 7= A
AH|9] AZF ARA A5ES BAHKREL 2014 ~2023)
T2 FESHT A= Axul Y] ASES 7IE 14
GO sfgohs ALFAMAS 4 109 B+ A5E
2 APgstinh. W] AAH] 9 BE 7]&e9] fAHl=
50% o]/fo] 1H] Hl-go|BE AJFS] 109 Bt 4
S$EZ A4 (Minimum Wage Commission, 1994 ~
20234).

E3E IPCC AR6OIA = H BEE 23] 3lof 3
~8%9] A& ARESHAL Ut & A= E7HES
£ WG sH7HA Y] st REgsh] s ARE &
OlE 4.5%E T Jsto] AFHSHSItH(Table 6)

Al 19 1xe} Ve WX e o sk A
Aot FAHE A g Bl 2E A o5tof(Eq.

= O T

Table 4. Initial costs of green infrastructures

ZIAKS] .

dos - olLE - olz2

(3), Eq. (4), Eq. (5)), ‘H& %2 FAoel= Ae &3t
o] = WA Hxo=z HASIATHEG. (6)).

(n,7) =initial COSt ;g () xarea(y)
]~)n/10

co Sti nst

X Inflation constant;,

1

X (1+discount rate)”,

3)
08t yuin (1,7) =n X itial cost,,,, (j) X area(;)
X Inflation constant,,,;, (j)m/o
x (1+discount rate)",
4)

3

total cost(n) =Y (cost;,, (n.j) +cost,;, (n.7), (5

j=1

2nd Obj.= Minimize(total cost(n)). 6)
_ |10 for 2030 year . _
(When n = [20 For 2040 year® types of Green

Infrastructure: green roof, greenway, street tree,

inst: installation, main: maintenance).
2.5. X9 J& Qloat AL

A Aot 71 A 2HE HH= Sk vE2 &
&2 sk FHHoE F ®l HEEste], 2030 ~ 2040193}

Initial cost Installation (Wmfz)

Maintenance (% 2 year ')

Reference

Green roofs 190,190 11,368 Manso et al. (2021)

Green way 10,892 1,379 ) )
Korea Land and Housing Corporation

Street trees 101,545 13,029

Table 5. Inflation constants of green infrastructures

Inflation constant Installation Maintenance Reference
Green roofs 1.44 2.19 KICT (2024), MWC (2023)
Green way 2.19 2.19 MWC (2023)
Street trees 2.84 2.19 KREI (2023), MWC (2023)

Table 6. Discount rates of green infrastructures

Discount rate

Reference

Social discount rate 4.5%

IPCC (2022), General guidelines for conducting preliminary feasibility studies

Journal of Climate Change Research 2024, Vol. 15, No. 6
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17 | Climate change scenario | | Available total budget |

ud i
1t Optimization (NSGA-ii) >  Result of 1% optimization —> 2% Optimization (NSGA-ii) P> Resultof2* optimization

[ Make random plans | [ Make random plans |

L w = Optimal plans of Optimal plans of
Crossover & Mutation | e Crossover & Mutation ]

\ Green roofs, greenway
[ Non-dominated Sorting | y, ‘ and street trees in 2030-40| | | Non-dominated Sorting |

Green roof, greenway

and street trees in 2040-50
(2040-50 Pareto front)

Obj1. Minimize (2030-40 Parcto front)

after temperature

Obj2. Minimize
the cost

Obj1. Minimize
after temperature

0bj2. Minimize
the cost

| Plans of nth generation |

[ Plans of nth generati |
Selected plan (2030-40) by decision-maker i it ] | Selected plan (2040-50) according to total budget

Select scenarios which have the highest goal achievement

Optimal Deployment Timing and Quantity of Green Infrastructure Technologies

Scenario 1 Scenario 2

Fig. 3. Flow chart of decision—-making support model for deployment timing and quantity of Gl

2040 ~ 205049 Z}2+o] AEtE EETUTh 2030 ~2040'd  Sfo] ANAIRITh o) Ao R AHE YA LR A
of AEie ¢kol wl-go wa} 2040 ~ 205014 k2 sig AR AR FA FHA 7Ly @ Aol
717k B E DREC|M AFoR AdugoRA sht 29 ¥R 3 ojF = WAE 4FE W € ¥
o AuE] et edE T AR o We AdElE A ElAart G55 Aldshs geE SulejolA #
HkE5lo] 20U 7F 24 H|2-S AR5k theFst I8 Qm A7t AP JHBeckmann et al., 2021; Kim et al.,

A
2

m

o A R5e WE 4 At olu SAEBATE A 2024; Liu et al, 2018). E AT )& Az BxA
3 Hlge] 2o WEER P AU OSL /|ZE  HE AL 29°C2 AT MeLean e al., 2018)
ol% g AL WS At ke AFHst A QARe] Aol Tt Auele Bk A AR A
8ol 71 28 Attele5ol AFAoR AdEol ) 7 ATte] g0 shrha 7pgstel, Aget 48 ol

g Auelese T a9 dmee] A7k Wide] o 712 gollA] AF A8 o]F9) 71 gAe] WAL
279 A|7F Aoz AYHTHFig. 3) Avelesn w559t Aget 48 oo 7. egte]

et HF AZE ARG £22 s, 7S A A A AL Ao Wao] /1 4 gt
$ ool That Y Al eose] Wbk SuEolor & HUigolug, olF BE WHoz HAste] HEHow
1

0l

o WHORA Y AtEe AShe RS AU WA BE WHOE WA 1 g BE
w) ogEl 205097HK9) 7] 20] ARk AlWeA % DHBE AYArkFig 4). BE THE] $25F A
e ol wla) Anht AATYEAS ARb] wet A ok 4G o] o] 1|3 ol5o] YAGIA AzkE Hwst
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1030 M - AR - B2F - Y - AhE - olUE - 0152
(a) (b)
A A
Temperature (°C) . Temperature (°C) A Before installation
P A e o Afterinstallation
P 1 > 1
- 1 P 1
» 1 »” 1
7 1 A ! i
o< | s é Goal of reduction amount
’ ® s,
P 1 _ “
threshold > threshold E— Reduction amount
[ 4 L
2030 2040 2050 (year) 2030 2040 2050  (year)

Fig. 4. Schematic of goal achievement rate calculation through reduction area to the threshold

v, FHO= QIek m3fof A|AFo] tiAsH] AR
2 7|5Hs} A5 o] Hral & = ok d¥ER =
B FYEC] M B2 AluE| Tt 715 HsE A8 Aol
7P w2 AUEE2A SJAREAAIA HA - [1Z
gt Aluel ez AAEn QAR 4] RS F
3 24d A Alue|es gelgomy I- Qxd 7]

$9) 4714 A AYLE $YT & Ak
3. 24t A E9

3.1. HIE =0 maf =FF I3 QAUZa} AL

OIA} AAAZT 2030 ~2040W (R WA 7]7HQ] mHEE
DE2E(Fig. 5)O1A & A9 10% ~90%7HA] 10% 29
T IR F 99 siE AEsitta 7Skt Zh2e
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Fig. 8. Installation rate of green infrastructure over time in (a) 30% scenario, (b) 40% scenario,
and (c) 50% scenario: The rate is expressed as the ratio of the total installed area of
the technology to the available area for installation.

Table 8. Increase rate of each green infrastructure over time in 30% scenario, 40% scenario, and 50%

scenario
30% scenario 40% scenario 50% scenario

h(l;:::a;:;e 2030 ~ 2040 2040 ~ 2050 2030 ~ 2040 2040 ~ 2050 2030 ~ 2040 2040 ~ 2050

Street trees 78 12 65 27 67 26

Green roofs 69 2 64 9 53 30

Green way 49 15 50 20 50 18
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